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© Controlled color filter for use in information display applications. 



© An electronic color filter system for controlling a 
picture element color signal includes three filter re- 
gions (32, 34, 36) which selectively control spectral 
components of light transmitted sequentially thereth- 
rough. Each filter region has a liquid crystal host 
material and a dye guest component. The orientation 
of the liquid crystal host, determined by an electric 
field applied to the filter material, determines the 
absorption coefficient of the dye guest component to 
polarized light. By appropriate selection of the guest 
<M dye component and control of the electric fields 
< applied to the host liquid crystal, the transmitted 
light can have a selected radiation spectrum. The 
£ transmitted light of a multiplicity of picture elements 
<*>can be used to provide a full-color visual image 
<q display. 
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CONTROLLED COLOR FILTER FOR USE . »«.«AT,OK D.SPLAY 



Field of the Invention 

The present invention relates generally to de- 
vices for the display of color information and. more 
oarticularly to multi-color segmented or matrix 
y p i lays in which a finite number of discretely 
addressable picture elements (pixels) are artvttd 
in appropriate combination to form a full-color ,m- 
age. 



Description of the Related Art 

Previous segmented or matrix display technol- 
ogies used for generating full-color alphanumeric 
graphic and/or television type video images have 
relied on additive color synthesis via high-density 
arrangements of small red (R). green (Q). and blue 
(B) primary color pixels. 

Color encoding has become a common feature 
in visual information displays. Although many types 
of color display systems and applications presently 
exist, there are many other potentially usefu [I ap- 
plications of color which have not been developed 
d U e to limitations in existing color display technol- 
ogy. Virtually all existing color, displays are additive 
color systems, in that full color is produced by 
either the spatial integration of very small pnmary 
clr points (i.e.. very small R. G. and 8 pixels or 
the temporal integration of sequentially presented 
image fields of alternating primary colors. 

Both of these additive approaches to color syn- 
thesis have significant limitations. Spatial additive 
color synthesis requires high pixel density or reso- 
lution, since the projected angular subtense of 
small primary color elements (I.e.. R, G, and B 
pixels) must be encompassed within the spat.a 
integration zones of the human visual system If 
primary color elements are too large, then com- 
plete color synthesis will fail to occur and color 
fringes or patterns will be apparent in the .mage. 
Requirement for three "populations" of spatially 
separated primary color elements to produce * 
color image, as in the shadow-mask cathode ray 
tube results in a reduction of available image sam- 
pling resolution of the display device. For applica- 
tions requiring full color and very high image reso- 
lution, such as systems for the display of sensor 
video information, spatial additive approaches o 
color synthesis are generally not feasible due to 
the resultant losses in image sampling resolution 
in addition, many applications for color information 
displays require only low image resolution such as 
coior-coded alphanumeric or symbota : displays 
For low-resolution displays, spatial additive color 



technology is generally not appropriate s.nce re a 
lively high pixel resolution or density is required for 
adequate color synthesis even though image reso- 
lution requirements are substantially lower. High 
5 pixel density usually incurs high cost, and many 
potentially useful applications of color ,n low resolu- 
tion displays remain undeveloped due to the rela- 
tively high cost of spatial additive color display 

technology. „ , „„ 

„ Temporal color synthesis does no rely on 
three "populations" of spatially separated R G. 
and B pixels to produce a full-color image, bu 
rather achieves color synthesis by rapid sequential 
alternation of primary color images. This approach 
(5 ,o color synthesis does not degrade image resolu- 
tion as does spatial color synthesis. Full cote 
control is effectively achieved at each ind.v.dual 
image pixel. Temporal synthesis is generally imple- 
mented by a broad-band image forming source 
2 o passing light sequentially in time through three 
color niters (typically R. Q. and B. The image 
forming source must be synchron.zed w,th the 
three color filters such that appropnate parts i of the 
image with an intended color are displayed while 
25 the respective filter or filters are in front of the 
image forming source. The most popular imple- 
mentations of such »frame-sequent.ar cote -d* 
play systems are typified by the use of a cathode 
ray tube with a broadband phosphor (i.e.. emitting 
3 0 white light) as the image f °^ s0 " r " B a fi ^ 
rotating color wheel containing R. Q, and B fitters 
as the color rendering component. More recently, 
the color wheel has been replaced by a non- 
mechanical component consisting essentially of a 
35 liquid crystal (UC) switchable optical polarizer and 
several layers of polarized color filter films. 

The disadvantages of color display systems 
which utilize temporal color synthesis (i.e frame- 
sequential color mixing) are rooted in the fact that 
« in such systems, the individual primary color image 
fields are separated in time and are only present 
for one third of the total display viewing period. 
Since three color image fields must be presented 
in the same amount of time as a single field m a 
45 spatial additive color display or a monochromatic 
display, frame-sequential displays requ.re an ex- 
tremely high system bandwidth in order to produce 
a full-color image at a refresh rate high enough to 
minimize observable flicker. Even with high system 
50 fandwidths and full-color refresh rates "I™*** 
monochromatic or spatial additive color d. plays 
f,e., three times the refresh rates of non-frame- 
sequential displays), frame-sequential color ds- 
plays are prone to image flicker due to the tu- 
minanc modulation existing between sequential 
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color image fields. A more important limitation of 
r.empo 9 ra. synthesis approach to color 
however, is the fact that mixture colors are often 
observed to smear or separate into their individual 
primary color image components during motion of 
either the displayed image or the observer s eye • 
A need has therefore been felt for color display 
apparatus that overcomes the problems created by 
the use of additive techniques. 

ccATIIRES OF THE INVENTION 

It is an object of the present invention to pro- 
vide an improved display apparatus. 

It is a feature of the present invention to pro- 
vide an improved liquid crystal display. 

I, is another feature of the present invention to 
provide a liquid crystal display in which transmitted 
adiation for each display pixel has spectra compo- 
nents subtracted in order to obtain a selected color 

S ' 9 Tt is yet another feature of the present invention 
in which a segmented color display has spectral 
components subtracted from transmitted radiation 
to provide the color functionality. 

SUMMAW 0£ JJjE.WVENTJON . 



fu ,|.color image presentation. In the simple elec- 
Lie color filter configuration, the device is used 
conjunction with a broad-band image forming 
ou J. such as a cathode ray * « 
, emitting phosphor or a back-lit patterned tanato 
broad-band lamp, and serves as a pectrajy 
selective light valve which modifies the color of the 
transmitted image. 

These and other features of the present mven- 
l0 tion will be understood upon reading of the follow- 
ing description along with the drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 



The aforementioned and other objects are ac- 
complished, according to the present Invention .by 
an electronically controlled color filter and severa 
implementations of full-color informal on d sp ys 
which incorporate this electronic color ^ filter as ^a 
critical element. The unique and fundamental as 
pact of this color filter is the utilization of a s btrac- 
U method of color synthesis, rather than the 
spatial or temporal additive techniques which char- 
acterize existing switchable color filters and re Med 
Sor display technology. The basic elements of 
aTsubtractL cotor filter are three * 
So" crystal cells each containing a different d.chro.c 
guest dye {typically magenta (-G), cyan t-R), and 
yellow <-B) dyes} and stacked in registrator, along 
with associated structural components and opticj 
components (e.g. polarizers and/or fiber-optic 
plates). The cells can include patterned electrodes 
and for some applications 
hold features such as thin film transistors (TFTs) at 
individual pixels} when the device is configured as 
l a low- or high-resolution full-color display or 
a uniform electrode layer when the deviceis con- 
igured as a simple electronic color filter. When the 
£ce is configured as a color display, on* a 
broad-band source of illumination is required for 



The rationale and preferred embodiments) of 
, he present invention are illustrated in the attached 
drawings wherein: 

Figures 1A and IB show two easting ap- 
proaches for producing full-color images using fte 
spatial-additive method of color synthesis: he 
dow-mask color cathode ray tube (1 A) and the 
active-matrix addressed liquid crystal display panel 
M with R-G-B color filter array (1 B). 

Figure 2 is a diagram of an electronic color 
filter using subtracts color mixture v.a three 
Sacked I guest/host cells with yellow, cyan, and 
magenta dichroic guest dyes. 
30 Figures 3A and 3B illustrate the control of 

color generation by an electronic subtract^ color 
L for the colors red, green, blue, and yellow. 

reSP6C S!e 4A is a diagram of an electronic sub- 
as tractive color filter coupled to a symbol or char- 
acter mask to create a static informal d.splay 
with full-color capability. 

Figure 4B is a diagram of an electronic sub- 
tractive color filter coupled to a broad-band, lignt- 
«, emitting image source to create a dynarmc in- 
formation display with full-color capability. 

Figure 5 shows a full-color alphanumenc dis- 
play constructed with an integral electronic subtrac- 

45 tiV6C " a is a diagram of a 3-ce.l electronic 
subtract color filter using a thin-film transistor 
active-matrix substrate in each cell to produce a 
full-color, high-resolution information display. 

Figure 7 is a diagram of an active-mattx 
50 addressed electronic subtracts color filter coupled 
to a projection optical system to produce a full 
color high-resolution projection display in both a 
front-projection and rear-projection configuration. 
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DESCRIPTION OF THE PREFERRED EMBODY 
" MENT 
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1 , Detailed Description of the Figures 

Fiaures 1A and 18 illustrate two commonplace 
embodiments of spatial-additive color informa on 
displays. Referring first to Rgure 1A. the typica 
shadolmask cathode ray tube 100 such as .s 
used in commercial color television rece.vers and 
is me predominant device for color information 
display, is shown. Full color is achieved w.th the 
Si™* «** ca*o* ray tube by the spa tal 
integration of luminous emissions from closely- 
soaced R Gt and B phosphor dots 106, each of 
Lh is excted by an associated electron beam 
,02 The phosphor dots are positioned on the 
cathode ray tube face 104. The electron beams 
cTar* generated by a plurality of electron guns. 
The R 3 and B phosphor dots 106 are arranged m 
J£«WU* The electron beams 10 » 
each phosphor dot of a pixel group 105 pass 
broug an aperture associated * each p.xe 
lup 105 in the shadow mask 103. Note that the 
soatial integration of chromatic information is per- 
ormed by the observer's eye and not the dispay 
device, thus requiring the display dev.ce to pos- 
sess sufficient resolution such that the individual 
primary color elements are not individually resolv- 
able bv the eye of the observer. 
ab 6 Refelg y next to Figure 18, 
display device which relies on spatial-add.tive co or ■ 
synthesis, is shown. This display is generally re- 
ferred to as a active-matrix addressed liquid crysta 
color matrix display. While the basic principles of 
image formation and color mixture are the . same as 
used in the shadow-mask color cm* y 
tube, the liquid crystal color matnx display J20 
employs a liquid crystal material which serves as 
an electronically-controlled light valve at each pic- 
ture element to individually gate modem light 
through a micro-layer of color filters (typically R, Q. 
and 8). Back light 130 is transmitted through po- 
larizing material 127. The back light is then trans- 
mitted through the glass substrate 126 upon which 
are positioned thin film transistors 128. Uqu.d cry- 
stal material 125 is contained between , glasssub- 
strate 126 and common (transparent) electrode 
123. Associated with each thin film transistor 126 is 
a filter 124. The thin film transistor 128 controls the 
intensity of light transmitted through the assorted 
ft er 124. Three filters (R Q and 8)128 form an 

image pixel. The filtered light is then transm.tted 
through glass substrate 122 and potanzmg unit 

121 Referring next to Figure 2, the fundamental 
e,ements of the present invention the 
electronically-controlled subtract color filter 20. 



are illustrated. These fundamental elements include 
Z g esvhos, liquid crystal cells each con aning 
a different dichroic guest dye {typ.cally a magenta 
dve (-G) cell 23, a cyan dye (-R) cell 22 and a 
. yellow dye (-B) cell 21 } and aligned in serial reg- 
5 s , al along with associated structural and optica, 
components. The dichroic dye guest materia s are 
attached to the liquid crystal host molecules in 
such a manner that, as the host molecular onen a- 
, 0 tion aligns with respect to the applied electnc field 
o does the dye guest. The guesVhost medium, 
contained between glass or plastic 
and sealed by epoxy or thermoplastics^ Oepemjrj 
upon the cell surface alignment and he quid 
)S crystal materials used, the resulting guesVhos me- 
Zm can be one of several types: a) the s.ngle 
oLer type (shown in Figure 2); b, the JJJJ, 
Taylor mode type; c) the phase change guestho t 
type; or d) the positive contrast negative an- 
20 isotropic dielectric type. GuesVhost medium types 
b c and d do not require a polarizer between the 
guesVhost cell(s) and incident light, whereas type a 
requires a polarizing unit 21 oriented along the 
same direction as the liquid crystal host directs. 
25 The guest/host liquid crystal cells can be con- 
structed with positive anisotropic liquid crystal ma- 
Shais such that the liquid. crystal guest/host eels 
are selectively spectrally absorbing in the off state 
and become optically clear as a voltage is applied 
30 to the cell. The host liquid crystal matenal may be 
o, the nematic, cholesteric, or smectic types For 
positive anisotropic nematic and smectic osts. 
homogeneous molecular alignment to the cal I sur 
aces is preferred. The guesVhost liquid cryjW 
35 cells can also be constructed with negative nematjc 
anisotropic hosts and homeotropic mo ecular align- 
ment. The guest host liquid crystal cells would then 
r ptically clear in the off state and se« 
specially absorbing in the on state. These ost 
« materials generally have higher voltage require-. 
mS lnd are not as readily available as "positive" 
nematic materials. , ... 

Rqure 2 also illustrates the basic principles of 
operation of the electronically controlled subtractrve 
„ color filter. As can be .seen, broad-band mcderrt 
light 29 from a broad-band source ,s first passed 
through a polarization layer and then sequen ally 
through the three sequentially aligned gueetfurt 
liquid crystal cells 20. Depending upon the guest 
50 dyes utilized and the voltage applied to each c* 
the chromatid (color) and luminance of the light 
emerging from the sequentially-aligned guesVhost 
cells 20 can be completely controlled. 

Referring next to Figure 3A and Rgure 3B 
55 wherein anisotropic guest host dye ce U , 
homogeneous molecular alignment are stacked, the 
operation of an electronically controlled subtracts 
color filter so as to. produce the colors red. green. 
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blue, and yellow, respectively, is illustrated- In- 
cident (white and unpolarized) light 38 impinges on 
polarizing plate 31 and is transmitted therethrough 

substrate 32A and a second glass substrate 32C 
enclosing guesVhost medium 32B. The light trans- 
mittS through cell 1 32 is transmitted through 
l Sin Plata 33 having an axis of polarization 
'parallel to I axis of polarization of polarizing plate 
31. After transmission through polarizing pW» 33. 
the light is transmitted through cell 2 34. Cell 2 34 
has cyan dye material incorporated therein. Cell 2 
4 is comprised of glass substrate 34A and g ass 
substrate 34C enclosing . guest/host medium 34B. 
The light transmitted through cell 2 34 is transmit 
ted through polarizing plate 35. polarizing I jlaj 35 
having an axis of polarization parallel to he axis of 
polarization of polarizing plate 31. The light t ans 
mitted through polarizing plate 35 ,s applied to cej 
3 36 Cell 3 36 has a magenta dye incorporated 
therein and has glass substrate 36A and g ass 
substrate 36C enclosing guest/host medium 36B. 
The light transmitted though cell 3 36 is the emerg- 
Z flight 39 which will be polarized. (It will be clear 
mat cell 1 32,' cell 2 34 and cell 3 36 each can 
have a multiplicity of independently addressable 
pll points, the pixel points for each cell aligned 
'with related points for the other twc , ce s Ra- 
ring next to Figure 3B. the configuration ofthe f, »e 
30 to provide selected colors is shown. Whe cell 
1 32 (with yellow dye) is off or absorb.ng ce 2 34 
(with cyan dye) is on or transmitting and ce 3 36 
with magenta dye) is off or absorbing, then the 
SsnS d light will be red. Figure 3B illustrates 
•the liquid crystal cell states that provide green, 
blue and yellow emerging light It will be clear that 
L configurations and colors illustrated ,n Figure 
3B constitute only a limited set of the colors and 
luminance gradations achievable w,* he pre 
invention. Also note that the subtract^ color Iter 
construction shown in Figure 3A (as well as Figures 
4 and 5) contains a polarizer behind each compo- 
nent guestmost liquid crystai cell. Tn.s particu ar 
type of filter construction has been found to op- 
erate effectively for direct-view display applications 
in which a wide viewing angle is desired. The 
polarization of light prior to passage trough each 
cell minimizes the effects of molecula Jhrefon 
gence in each cell and resulting chromatc shifts 
when viewed off-axis. The off-axis chromatic sMts 
resulting from molecular birefringence can alter- 
na ely be minimized or eliminated by the use of 
llquic crystal host and dye guest material pos- 
sessing very low molecular birefringence, thereby 
providing good off-axis color Performance and 
higher luminance throughput than ,s poss.b by 
me use of a maximum of one polarization layer. 



The effects of molecular birefringence and viewing 
parallax are of no consequence in projection ap- 
plications of the electronic subtracts color filter. 
The preferred embodiment and principles of 
5 operation of the basic subtracts color filter of the 
present invention having been described above, the 
embodiments) of several forms of full-color in- 
formation display devices (as well as a unique 
application for electronic spectral shaping of light 
, 0 sources), which employ the electronic subtractive 
color filter as a fundamental element, can now be 
considered. Six embodiments of the 

utilize the electronic subtracts color filter as an 
„ tegrai component which is coupled to a monoch- 
romatic image forming source, thereby «£WB 
full color capability to an otherwise monochromatic 
display device. The last three embodiments incor- 
porate the function of image formation within the 
20 color filter stack itself, enabling the Ration of both 
direct-view and proiection-mode ^ 
don displays of either high or low resolution w,th 
L simple addition of a broad-band source of 
illumination. Prior reference to the use i of subtrac- 
2S tive color mixture, at least in theory or concept, has 
been mentioned within the context o potential ap- 
plication to direct-view, full-color information d.s- 
Lvs (T Uchida, "Color LCOs: Technological De-. 
Its" Japan Dispjay, 1983 pp. 202-205). 
30 However, in th«riSc7it is 

tive color technology is potentially suitable only for 
w,e olutlon. direct-view display applications, and 
hat only the active-matrix addressed Hqu.d crysta 
Sr matrix display (as described in Figure 1b) s 
« promising for practical use. This is in direct con- 
35 KJto ^ present patent 

the basic construction and principles of operation 
of a practical, electronically-controlled subtractive 
color filter are detailed and the preferred 
„ embodiment(s) for six information display applica- 
tions of the present invention are described. 

The first embodiment of the present invention 
is depicted in Figure 4A. wherein the election* 
subtractive color fitter 30 receives light from a 
45 broad-band source passing through a static alpha- 
numeric character or symbol mask 41 before bemg 
Emitted through the filter 30. In ^ configura- 
tion, the present invention serves to impart lull 
color control to an otherwise monochromatic dis- 
50 play of information. This embodiment is particularly 
sil for illuminated annunciators and control ac- 
tuators (e.g.. push-buttons) with illuminated leg- 
ends where the addition of color coding can pro- 
vide supplementary information to the sta tic ; image. 
S5 A Yecond and related embodiment of theelec, 
tronlc subtractive color filter receives light from the 
source of illumination and controls the color tern- 
perature or otherwise shapes the spectrum of the 
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source of illumination. This embodiment is particu- 
larly applicable to aircraft cockpit panels and ship- 
beard control panels, where it is highly desirable to 
maintain a constant color appearance of light sour- 
ces and illuminated annunciators under all ambient 
lighting and pane! dimming conditions. In this man- 
ner, the inherent decrease in color temperature 
associated with the voltage-controlled dimming of 
tungsten light sources can be offset or compen- 
sated for by the present invention. Within this con- 
text, the electronically-controlled subtractive color 
filter can provide automatic spectral shaping of 
cockpit light sources so as to render them night- 
vision-goggle compatible. The present invention 
thus permits the spectral output characteristics of 
sources of illumination to be automatically switched 
or optimized for both daytime and night/night- 
vision-goggle compatible operations. 

The third embodiment of the present invention 
is illustrated in Figure 4B, in which the electronic 
subtractive color filter is placed between a broad- 
band, light-emitting image source (e.g., a monoch- 
rome cathode ray tube) 42 and an observer. In this 
implementation, the image source 42 provides dy- 
namic, monochromatic image generation and the 
subtractive color filter imparts color to the image as 
it passes through the stack of guest/host liquid 
crystal cells 30. The most basic implementation of 
this third embodiment would provide only for 
switching the color of the entire image. Multiple 
colors within the same image would not be possi- 
ble, and therefore the device would not be suitable 
for color video applications. However, the electronic 
subtractive color filter can be operated in a frame- 
sequential mode such that red, green, and blue 
image components are produced sequentially in 
time and integrated by the observer's eyes. This 
mode of operation would alJow a complete multi- 
color image to be generated and is potentially 
suitable for color video imaging. The concepts of 
temporal color synthesis and the principle of frame- 
sequential color mixture, as well as the disadvan- 
tages of such an approach to color display devel- 
opment, have been previously discussed above. 

Referring next to Figure 5, a fourth embodi- 
ment of the present invention comprising a direct- 
view, low-resolution color display, in which the im- 
age forming source is integral to the electronic 
subtractive color filter, is shown. The basic color 
filter unit is similar to that described in Figure 3 
wherein three aligned polarizing plates 31, 33 and 
35 and three cells 32, 34 and 36, the cells each 
including glass substrates enclosing a guest/host 
medium, control the transmission of light thereth- 
rough. In the. present embodiment, an image is 
formed via patterned transparent electrodes 51 de- 
posited on one of the glass (or plastic) plat s of 
each guest/host liquid crystal cell. Conducting 



leads 52 are used to couple the electrodes 51 to a 
voltage source (not shown). The other plate of each 
cell contains a simple backplane electrode 53. 
When a voltage is imposed across each cell, the 

s liquid crystal material and guest dichroic dye 
switch only in the area under the patterned elec- 
trode. In order to achieve full-color, the three cells 
must be carefully aligned such that filtered light 
transmitted through the patterned areas of one cell 

w sequentially passes through the corresponding pat- 
terned areas of the next sequential cell. A potential 
problem for this implementation occurs with re- 
spect to off-axis viewing or parallax. Image mis- 
registration due to parallax between layers of the 

15 three-cell stack can be minimized or functionally 
eiiminated by the use of very thin glass or plastic 
plates for guest/host liquid crystal cell 32, 34 and 
36 construction. Further reductions in the thickness 
of the stack of liquid crystal cells can be achieved 

20 by constructing the complete subtractive color filter 
using four plates, with patterned electrodes being 
deposited on both surfaces of one of the two inner 
plates (this also simplifies cell alignment). More- 
over, low birefringence liquid crystal materials can 

25 be used such that the display can be constructed 
with a single polarizer. An alternative approach for 
eliminating parallax in stacked cells is to use a 
fiber-optic plate as the cell surface closest to the 
observer. The fiber-optic' plate "channels" the light 

30 passing through the stack of cells and prevents the 
observer from looking obliquely through the cells, 
thereby eliminating or minimizing image mis-reg- 
istration due to parallax. 

The preferred embodiment of the electronic 

35 subtractive color filter for direct-view, low-resolution 
color display applications, as described in the pre- 
ceding paragraph, is particularly suitable for full- 
color alphanumeric and low-resolution graphics ap- 
plications. A major advantage of this technical ap- 

40 proach is elimination of the need for high pixel 
density (which is required to accommodate spatial 
color synthesis) resulting in a relatively simple, low- 
cost full-color information display for those applica- 
tions requiring only low to moderate image resolu- 

45 tion. The low pixel density required for this display 
implementation allows trie use of simple multiplex- 
ed pixel addressing and voltage drive techniques. 

Referring next to Figure 6, a fifth embodiment 
of the present invention suitable for direct-view, 

so high-resolution, full-color display applications is 
shown. Figure 5 illustrates this embodiment, in 
which each cell 32, 34 and 36 of the electronic 
subtractive color filter 30 contains a high-density 
matrix of picture elements and control the transmis- 

55 sion of impinging broad band light therethrough. In 
turn, each picture elem nt contains an integral 
sample-and-hold device ( .g„ a thin-film transistor) 
61 along with the address conducting leads (not 
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shown). This active-matrix addressed subtractive 
color display has many construction features in 
common with the active-matrix addressed liquid 
crystal color matrix display depicted in Figure 1B. 
However, the major advantage of this embodiment 
of the present invention is the much higher full- 
color image resolution achievable with the elec- 
tronic subtractive color filter as compared to a 
spatial additive approach in which at least three 
primary colors (RG.B) must be represented in the 
image plane for each image point. As with the low- 
resolution, direct view configuration described with 
reference to Figure 5, parallax is a potential prob- 
lem in high-resolution, direct-view applications. The 
approaches for eliminating or minimizing parallax 
described for the previous embodiment are also 
applicable to the present high-resolution configura- 
tion- 
Referring next to Figure 7, the final embodi- 
ment of the present invention described herein 
utilizes the electronic subtractive color filter 30 as 
an image-forming, full-color, projection light valve. 
Image generation by the color filter 30 in response 
to incident radiation 38 can be for a low resolution 
image, in which case a direct multiplexed address- 
ing technique is preferred, or for a high resolution 
image, in which case an active-matrix addressed 
configuration for pixel addressing in each 
guest/host liquid crystal cell 30 is typically pre- 
ferred. Figure 7 illustrates a high-resolution im- 
plementation of the projection-mode embodiment 
of the present invention. In this embodiment, the 
electronic subtractive color filter 30 functions as a 
full-color image-forming source which, when coup-, 
led to a broad band source of illumination 38 and 
relay lens 71 arrangement, is capable of projecting 
a full-color image on either a front- or rear-projec- 
tion screen surface 72. The projection mode em- 
bodiment is particularly suitable for very high-reso- 
lution, full-color, large area display systems as well 
as for head-up display (HUD) and helmet-mounted 
display (HMD) applications. For a HUD system, the 
full color image is collimated and -then projected 
onto a transparent optical combiner which, via re- 
flection of the projected image, superimposes the 
projected image with other visual images passing 
through the optical combiner. The HMD implemen- 
tation is very similar to the HUD configuration, with 
the exception that the image source and optical 
combiner are now incorporated within a helmet 
worn by the display observer. In that both HUD and 
HMD systems require extremely high image reso- 
lution, the present invention is uniquely suited to 
provide the requisite resolution combined with full 
color capability for such devices. The capability for 
extremely high-resolution, full-color image genera- 
tion in the projection mode of the present invention 
is primarily a function of the fundamental property 



of the electronic subtractive color filter which yields 
full-color control at each individual picture element. 
Moreover, parallax and molecular birefringence ef- 
fects are of little or no consequence in the 

s projection-mode embodiment as a completely reg- 
istered image is passed through the stack of 
guest/host liquid crystal cells and then projected 
onto a remote viewing surface, thereby affording 
the observer no opportunity to view the image 

to source from an off-axis perspective. 



2. Operation of the Preferred Embodiment 

, 5 The present invention employs a subtractive 
approach to color generation which enables full 
color control to be achieved at each individual 
image pixel or segment. When used as an elec- 
tronic color filter, such that an image is formed by 
20 some other associated image forming device {e.g., 
a cathode-ray tube (CRT) or patterned image tran- 
siiluminated by a light source}, the present inven- 
tion can control the spectral emissions from the 
image forming source or impart color to an other- 
25 wise achromatic or monochromatic formed image. 

The subtractive liquid crystal displays of the 
present invention rely on the properties of the filter 
materials. The filter materials have controllable ab-. 
sorption characteristics, each of the three filter ele- 
30 ments influencing (i.e., absorbing) radiation in a 
preselected portion of the spectrum and having a 
negligible influence on the remaining portion of the 
transmitted spectrum. By appropriate selection of 
the filter materials, the color components in a color 
35 chart combination, determined by the filter char- 
acteristics, can be achieved at each pixel point 
when the impinging radiation (transmitted by the 
pixel filter) has the required spectral components. 
The directional nature of the transmitted radiation 
40 can be reduced, when a wider viewing angle is 
desirable, by placing a diffusion plate in front of the 
transmitted radiation. 

As was previously discussed, the invention 
consists of a novel approach to developing an 
45 electronically-controlled color filter and several im- 
plementations of full-color information displays 
which incorporate this electronic color filter as a 
critical element. The unique and fundamental as- 
pect of this color filter is the utilization of a subtrac- 
so tive method of color synthesis, rather than the 
spatial or temporal additive techniques which char- 
acterize existing switchable color filters and related 
color display technology. 

The present invention solves several of the 
55 problems inherent to full-color display technology 
by employing a subtractive, rather than an additive 
approach to color mixture. Using subtractive color 
mixture, a full-color information display is created 
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by using a single broad-band light or image source 
which passes emitted light through a stack com- 
posed of three thin liquid crystal cells. Each cell 
contains a different dichroic dye in a guest/host 
arrangement with the liquid crystal medium. Typi- 
cally, magenta (M), cyan (C), and yellow (Y) dich- 
roic dyes are used, which are the respective color 
complements of the R. G, and B primaries of 
additive color systems, however other dye com- 
binations can be employed. The dichroic 
guesthost liquid cells each constitute an electronic 
color filter, which is switchable by the application of 
an appropriate voltage(s) across the two plates of 
the cell, in one extreme state, the cell simply 
passes all spectral components of light, while in the 
other extreme state the spectral composition of 
light passing through the cell is altered by the 
particular dichroic dye such that the complemen- 
tary color of the dye is blocked or subtracted from 
passage through the cell. Applied voltage levels in 
between those required to produce the extreme 
states result in gradations of the spectral shaping 
produced by the cell. Since spectral components of 
a broad-band source of light are subtracted (-R, -G, 
-B) rather than added ( + R +Q. +B). a full-color 
electronic filter can be constructed by stacking 
three cells with an appropriately selected dye for 
each cell. Given a broad-band light source and a 
three-cell stack incorporating a pixel addressing 
mechanism in each of the cells, a full-color in- 
formation display is created with complete color 
control at each individual pixel. Alternatively, given 
a broad-band image forming source (i.e., a mon- 
ochromatic display emitting white light) and a 
three-cell stack mounted in front of the imaging 
device, a full-color information display is created in 
which the monochromatic image forming source 
controls image construction or detail and the three- 
cell liquid crystal stack serves as an electronically 
controlled color rendering filter. 

The present invention offers several advan- 
tages over existing approaches to the development 
of full-color information displays. First, the creation 
of a color display which uses subtractive color 
mixture enables full color control at every display 
pixel, eliminating degradations of potential resolu- 
tion inherent to spatial additive approaches which 
require separate R, G, and B pixels to form each 
full-cotor image element. Second, a full-color low 
resolution display can be created without the high 
cost associated with spatial additive color display 
technologies which require a relatively high density 
(i.e., resolution) of primary color pixels just to ac- 
complish the color mixture or synthesis function. 
Third, a color display using an electronically con- 
trolled color filter as described herein does not 
require frame-sequential operation and is thus not 
prone to the visual flicker and color image smear 



resulting from temporal color synthesis. Finally, the 
invention offers great flexibility for the design of 
color display systems used in a wide variety of 
applications, and can be configured as a simple 

5 electronic color filter for modifying the color of a 
monochromatic light or image source or as either a 
low- or high-resolution full-color information display. 

With respect to the liquid crystal/dye compo- 
nents used in the liquid crystal cells, suitable ma- 

io terials are commercially available, e.g., from EM 
Industries Inc., Advanced Chemical Division, 5 Sky- 
line Drive, Hawthorne, N.Y. 10532. 

The foregoing description is included to illus- 
trate the operation of the preferred embodiment 

15 and is not meant to limit the scope of the invention. 
The scope of the invention is to be limited only by 
the following claims. From the foregoing descrip- 
tion, many variations will be apparent to those 
skilled in the art that would yet be encompassed 

so by the spirit and scope of the present invention. 



Claims 

25 1. A color filter for controlling transmission of 
applied light to provide a selected output color 
signal characterized by 

a) a first filter (32) including 

a1) a first dye material cell (32B) having an absorp- 
30 tion coefficient in a first preselected spectral'range 
determined by an- electric field strength applied 
thereto, 

a2) first electrodes positioned to apply an electric 
field to said first dye material having an electric 
35 field strength determined by a first voltage applied 
across said first electrodes; 

b) a second fiiter (34) including 

b1) a second dye material cell (34B) having an 
absorption coefficient in a second preselected 
.40 spectral range determined by an electric field, 
strength applied thereto. 

b2) second electrodes positioned to apply an elec- 
tric field to said first dye material having an electric 
field strength determined by a second voltage ap- 
45 plied across said second electrodes; 

c) a third filter (36) including 

d) a third dye material cell (36B) having an ab- 
sorption coefficient in a third preselected spectral 
range determined by an electric field strength ap- 

50 plied thereto, 

c2) third electrodes positioned to apply an electric 
field to said third dye material having an electric 
field strength determined by a third voltage applied 
across- said third electrodes; and 

55 d) voltage means for providing said first, 

second and third voltages resulting in said selected 
output color signal. 
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2 The filter of claim 1. characterized in ha 
said first, second and third dyes (32B. 348, 368) 
include a dichroic guest dye coupled to a hqud 

CfYS 3 a, The filter of claim 1 or 2, characterized by 
a poi Semen. (31) to polar,* radiation ap- 

chaacLlz din that sad color filter (30) .ncudes 

each of said preselected regions ,s a segment of a 

each of said preselected display regions^ a p,xel 
r " i0 7 n A? electronically controlled coior display 

Chaf Tabl b band source of radiation-, and 
S color filter means responsive to electronic 

rough, said filter means including; 
Z least a first plurality of liquid crystal cells, each 
! S fksl liquid crystal celis controlling transm s- 
oTof S ttU • —ted Portion ol sad « £ 
display said liquid crystal cell having a first dye 

SS cells absorbing a first spectral component 
o/Sd Ssmitted light by an amount d—d 
by an electric field applied thereto **M 1 1™ 
Z component determined by sad first dye ma 

terial. 



e ined by a voltage «^«" liquid 
c x aoolving a voltage to each ot saia uqu 

■ S&S335S 

said output radiation. 
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50 



18 The method of claim 17, characterized by 
ecules. 
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